The feeding mechanisms of two species in the tanaidacean family Kalliapseudidae, Kalliapseudes macsweenyi Drumm and Psammokalliapseudes granulosus Brum, are elucidated by comparing gut contents, mouthpart movements, and feeding behavior.
Conclusions about tanaidacean feeding have usually been based on gut content analyses and morphology of mouthparts (Kudinova-Pasternak, 1991) . Gut contents indicate that tanadaceans are usually detritivores or scavengers that feed on microalgae, mainly diatoms, although some species may be raptorial carnivores that feed on nematodes and harpacticoid copepods (Sieg, 1988) .
Gut contents, although important, can be misleading because of errors introduced in sampling, dissection, identification of partially digested material, and seasonality (Shapas and Hilsenhoff, 1976) . Also, morphological studies, which often form the basis for understanding an organism's ecological role, often extrapolate from species whose morphology and behavior are well known, to morphologically similar species whose natural history is less well known. Behavioral differences and poorly understood morphologies may lead to serious errors in analyses. For example, the long mandibular tusks of some mayflies were once thought to indicate carnivory. However, a detailed analysis of their functional morphology by Keltner and McCafferty (1986) showed that they are involved in burrowing. Similarly, Barnard (1969) suspected that some acanthonotozomatid and anamixid amphipods used their conically bundled mouthparts for piercing and sucking. Instead, Coleman (1989) showed that acanthonotozomatids used them to bite tough sponge tissue, while Thomas (1992 Thomas ( , 1997 found that anamixids have reduced mouthparts and use the ventral ''keel'' to align the antennae while filter-feeding.
Only a few detailed analyses of tanaidacean mouthpart functional morphology exist. Dennell (1937) described in great detail the complex maxillary filter-feeding mechanism employed by Apseudes talpa Montagu to obtain a small fraction of its food. Johnson and Attramadal (1982) examined the feeding behavior and respiratory current of Tanais cavolinii Milne-Edwards.
It has been demonstrated that Zeuxo sp. consumes the seeds of the seagrass Zostera by boring holes in the seeds (Nakaoka, 2002) . This causes a negative impact on seed production of these seagrasses.
Members of the tanaidacean family Kalliapseudidae have been thought of as filter feeders based on the rows of long plumose setae on their chelipeds, maxillipeds, and mandibular palps (Menzies, 1953; Kudinova-Pasternak, 1991) . To test this hypothesis, the feeding behavior, mouthpart movements, and gut contents of two kalliapseudids, Kalliapseudes macsweenyi Drumm and Psammokalliapseudes granulosus Brum, were investigated. These confamilials were selected because they are locally abundant in Broward County waters (southeastern Florida), live in different habitats, and have different mouthpart morphologies. The morphology of their mouthparts, setae, and foregut have been described and compared in an earlier study (Drumm, 2004) .
MATERIALS AND METHODS
Kalliapseudes macsweenyi was collected by scooping sediment from Whiskey Creek, a shallow, sand-floored tidal creek that runs parallel between the ocean beach and Intracoastal Waterway in Dania Beach, Florida (25-32 ppt, depth 0.5 m). Psammokalliapseudes granulosus was collected from sediments between the second and third reef tracts off Hollywood, Florida, using a hand-held sediment corer (34 ppt, depth 20 m).
Feeding behavior was observed by placing the collected sediment (depth 0.1 m) in two separate plexiglass tanks (1 m 3 0.13 m 3 0.30 m; 22.5-248C). A statuary pump (5.05 L/min) connected via tubing at both ends of the tanks provided circulation. Water was changed twice a week with water from the collection sites. Filamentous green algae from the collection sites were also added. Several specimens built burrows against the glass, and observations were made through a dissecting microscope mounted on a swing-arm. When offered 1-mm glass capillary tubes, some larger specimens entered them, permitting clearer observation of mouthparts. Because the chelipeds and maxillipeds obscure the other mouthparts, in some instances they were removed from one side of the living animal. The removal of these structures may have upset the phase of movement of the mouthparts, but it did not seem to affect the direction of movement. Individuals were offered large clumps of detrital material.
Thirty-five individuals of K. macsweenyi were observed for a total of over 75 h. Because of the difficulty in obtaining live samples, observations on P. granulosus were limited. However, studies of the mouthpart structure, and the few observations that were made on living specimens, permit a preliminary description of the feeding mechanism. Six individuals were observed for a total of ;20 h.
To observe respiratory currents, animals were immobilized by placing them in petri dishes lined with plasticine. A suspension of starch particles stained with iodine and pipetted next to the specimen permitted clear observation of the respiratory current because of the dark blue color of the particles. The chelipeds were removed for clearer observations of the inhalent current.
To examine gut contents, preserved specimens were rinsed in distilled water. Foreguts were removed and opened under a stereomicroscope. Gut contents were collected with a pipette, placed in filtered seawater, and captured on membrane filters (pore size 0.45 lm). The contents were resuspended in filtered seawater in vials. They were then dehydrated in increasing concentrations of ethyl alcohol, dried using hexamethyldisilazane, sputter-coated with palladium, and observed by scanning electron microscopy. For light microscopy, guts were placed on glass slides in glycerol, and the contents were teased apart with fine needles and covered with a cover slip.
RESULTS

Gut Content Analysis
Detritus was the predominant food item in both species. Diatoms (Fig. 1A-C) and small sand grains were also observed in the foreguts of K. macsweenyi. One crustacean fragment (Fig. 1D ) was observed in P. granulosus. The occurrence of animal fragments in gut contents of bottom-dwellers is sometimes offered as evidence of predatory behavior. However, the presence of only a single such item suggests accidental ingestion of a fragment already in the sediment.
Feeding Behavior
It must be noted that both species live in semipermanent burrows that they produce by cementing sediment grains together with mucous secretions released through ducts at the tips of the anterior walking legs.
Kalliapseudes macsweenyi.-Burrow lengths are five to ten times longer than resident tanaids and feeding takes place within the burrow away from the entrance. Females rarely ascend to the burrow entrance, and then only to remove sediment blocking the entrance. Males were seen leaving their burrows, perhaps in search of females.
The chelipeds (Fig. 3A) are held ventrally and span the diameter of the burrow. The metachronal beating of the pleopods generates a current that flows from the anterior burrow opening posteriorly along the sides of the animal, ventilating the burrow and carrying suspended potential food particles. The ventilatory current can be tested by the mobile antennules. Some current-borne particles adhere to the filter setae of the chelipeds, while others are allowed to pass by laterally. The pleopods beat for five to ten seconds, and then cease for up to several minutes before beginning again. The dorsal row of plumose setae on the chelipedal carpus and the single row of plumose setae on the chelipedal propodus naturally curve dorsomedially at their tips (Fig. 2) . The functional significance of this curvature becomes obvious when feeding is observed. As the chelipeds move ventromedially (Fig. 3C ), the maxillipedal palps swing laterally (Fig. 4A) . The chelipeds then move dorsolaterally, and the palps swing medially. This causes the setae of the maxillipedal palps to comb through the dorsal row of chelipedal setae, removing any adhering particles.
The maxillipedal palps partly rotate around their long axis, which shakes loose particles collected on the setae. As the maxillae swing anteriorly, dorsally, and medially ( Fig.  4C ), the serrate setae on the outer lobe of the movable endite are in position to capture and transfer the particles towards the mandibles. The tips of these setae from opposing sides meet in the midline on their forward beat.
As the outer endites of the maxillules swing medially, their spines meet in the midline. The outer maxillular endites can also rotate obliquely forwards until they reach the posterior limit of the mandibles and obliquely backwards until they reach the maxillipedal endites (Fig. 4B ). They bite into the distal hair-like setae of the maxillipedal endites and remove whatever particles are present. It is important to note that the maxillules and maxillae alternate in their movements. This enables the maxillae to transport to the mandibles any material dislodged by the maxillules.
The lateral and medial movements of the maxillipedal palps also brush against the hair-like setae of the labial palps and the plumose setae of the mandibular palps, removing any adhering particles. Kalliapseudes macsweenyi was observed feeding only on very small particles (25-50 lm), which may explain its fine, dense setation.
The axis of swing of the mandibles is oblique, and the basic movements are those of rotation, where remotor rolling brings the distal armature of opposing sides together in the midline (Fig. 4D) . This is the dual-purpose type of rolling mandible, capable of cutting as well as grinding (Manton, 1977) . However, the incisor processes bear short and blunt cusps, which reflect the negligible amount of cutting required for the main food source of small detrital particles. The same movement also swings the subdistal mandibular spine row and will push any material within reach towards the massive molar surfaces, which appear suitable for cracking the diatoms that contribute to the diet.
The maxillae and basis of the maxillipeds move out of phase with each other. As the maxillae move laterally and posteriorly, the bases of the maxillipeds move anteriorly (Fig. 3D) . The pappose ''brushing'' setae of the maxillipedal endites are in position to brush the filter plate of the maxillae and transfer particles to the inner endite of the maxillules. Dennell (1937) believed that the six spines posterior to the filter plate in A. talpa would cause the brushing setae to scrape the filter plate very ineffectively. Kalliapseudes macsweenyi has only two spines posterior to the filter plate, so the brushing setae can more effectively scrape the filter plate. The long setae of the inner endites of the maxillules penetrate the gap between the paragnaths, and an orallydirected swing of the maxillules will bring food particles to the mandibles. The spines posterior to the maxillary filter plate and the spiniform setae on the fixed endite of the maxillae are in position to bite into particles adhering to the setules of the brushing setae of the maxillipedal endites and to transfer the particles to the inner endite of the maxillules.
Mancas (postembryological instar with incompletely developed postcephalic appendages) separated from their mothers during processing crawled about on the sediment surface in the tank or built burrows. Mancas lack pleopods. However, exopodites (Fig. 7B) on the last two pairs of pereopods ventilate the burrow in the same way as the pleopods do in the adult stage. In one case, a manca in a capillary tube with an adult female was observed beating its exopodites, generating a current, and filtering current-borne particles in the same way as the adults.
Psammokalliapseudes granulosus.-When digging through the sediment to build their burrows, individuals grasp particles of sand with their chelae and bring them toward the mouthparts. The innermost comb setae of the maxillae are the coarsest and are well suited to scrape detrital material off the particles, as Fryer (1965) has shown for the thermosbaenacean, Monodella. Longer and finer comb setae on the outer lobe of the movable endite prevents the lateral escape of suspended particles. These setae sweep such particles medially to the coarser comb setae on the inner lobe.
Material scraped by the comb setae is transferred to the inner endite of the maxillules by the setae of the maxillipedal endites, as the latter move anteriorly. Particles retained on the setules of the brushing setae of the maxillipedal endites can be transferred toward the maxillules and mandibles by the serrate setae on the inner lobe of the fixed endite of the maxillae. The mouthpart movements appear to be the same as in K. macsweenyi, and, as the maxillae and maxillipeds move out of phase with each other, the brushing setae and the serrate setae are in position to work over each other, transferring particles to the mandibles.
When settled in their burrows, individuals used their antennules to suspension feed. Detrital particles, drawn into the burrow by the pleopodal ventilating current, become trapped on the antennular setae. Females clean one antennule at a time by bending it ventrally and drawing it through both chelae. Particles are collected on the setae on the palm of the chelae between the fixed finger and dactylus. The chelae then move posterodorsally, transferring particles to the setae on the distal article of the maxillipedal palp. Subsequent movement of particles to more anterior mouthparts could not be observed. Individuals were also seen feeding this way when given a suspension of starch grains stained with iodine.
Three larger specimens were offered capillary glass tubes containing about ten sand particles. Some were coated with starch by allowing the suspension to settle on them, and some were left uncoated. Coated and uncoated particles were offered together. The tanaids entered the tubes and began suspension feeding. None of the introduced particles were grasped or handled.
Males have a medial row of ventrally directed plumose setae on the chelipedal propodus. The tips of opposing rows do not touch and thus do not form a filter as in K. macsweenyi. Like the females, the males use their antennules to suspension feed.
A maxillary filter-feeding mechanism is present in P. granulosus, but because this species has five serrate setae on the inner lobe of the fixed endite and because the row of plumose setae tends to curve dorsally, the brushing setae of the maxillipedal endites are apparently not able to scrape the filter plate efficiently.
Suspended particles were seen moving anteriorly in the area of the chelipedal exopodites, suggesting that the exopodites are capable of creating anteriorly-directed currents that bring detrital particles to the mouthparts. However, the path of the particles was difficult to determine, so the role of the exopodites could not be confirmed.
Respiration
Kalliapseudes macsweenyi.-The base of the cheliped projects into the branchial chamber and is enveloped dorsally by the epignath (Figs. 5A, B, 6 ). The epignath is a branchial exite borne by the basal region of the maxillipeds. It is shaped like a vaulted plate and bears a setose, spiniform protuberance posteriorly and a setose round lobe anteriorly. As the posterior portion of the epignath moves ventrally, butting against the base of the cheliped, the anterior portion moves anteriorly (Fig. 5A) . This creates suction, and the inhalent current passes through the gap between the maxillule and maxilla, filling the space between the epignath and the base of the cheliped. The current enters from the animal's surroundings, and from the filter chamber (Fig. 6) , defined by the median space bounded dorsally by the filter setae of the maxillae and ventrally by the endites of the maxillipeds. The pumping action of the maxillae and maxillipeds enlarges and diminishes the filter chamber, which contributes to the filter current. Particles carried by the filter current are deposited on the filter setae of the maxillae and are then transferred towards the oral region by the brushing setae of the maxillipedal endites, as described above. As the posterior portion of the epignath moves dorsally, the anterior portion moves posteriorly, butting against the base of the cheliped. Water is thus forced out of the space between the epignath and base of the cheliped and exits between the base of the chelipeds and the base of the first pereopod (Fig. 5B) as an exhalent current.
Psammokalliapseudes granulosus.-The respiratory current appears to be the same as in K. macsweenyi, with particles entering the gap between the maxillule and maxillae. The epignaths and exopodites of the chelipeds and first pereopods usually beat at the same time, but can also beat independently. The series of simple setae on the ventral carapace margin appears to prevent clogging of the branchial chamber.
Cleaning and other Behavior
Kalliapseudes macsweenyi.-The antennules are cleaned by bending them ventrally and drawing them through the chelae. The first pereopods (Fig. 7A ) are held ventrally just under the chelipeds; as they move anteroposteriorly, the ventral propodal spines comb material out of the chelipedal ventral plumose setae. Detritus often accumulates on the setae of the mandibular palps and on the ventral face of the labrum. As the maxillipedal palps swing laterally and medially, simple setae on the distal article knock this detritus loose and away from the animal.
The posterior spine of the epignath (Fig. 6 ) and the maxillulary palps are thought to serve as protection against fouling of the branchial chamber (Dennell, 1937; Johnson and Attramadal, 1982) . In tanaidaceans that have them, the maxillulary palps project backwards into the branchial chambers and lie laterally to the epignaths. Their probable function is to dislodge stray particles that accumulate there. However, kalliapseudids lack maxillulary palps.
When defecating and getting rid of unwanted material, individuals turned 1808 in their burrows to face head down. They did this by bending ventrally and then thrusting the abdomen dorsally and anteriorly. Pleopod pumping forced the fecal and other unwanted material up and out of the burrow. Kalliapseudes macsweenyi is capable of rapid crawling forward and backward within the tube by applying the propodus, merus, and carpus of the second through fifth pereopods against the burrow walls.
Psammokalliapseudes granulosus.-To remove accumulations of detritus on the long setose uropods, individuals occasionally bent the uropods anteroventrally and cleaned them with the posterior pereopods, a behavior not seen in K. macsweenyi.
Individuals were difficult to find in the sediment samples because they were camouflaged so well with their surroundings that they could hardly be distinguished from the sediment in which they live. Unlike K. macsweenyi, they were not seen to shoot out of their burrows when disturbed. Instead, several individuals were observed on the surface rolled into a ball. DISCUSSION Both P. granulosus and K. macsweenyi primarily ingest detritus, so the importance of this food source is significant. Anderson and Cummins (1979) rated detritus as being of poor nutritional quality and living algae, particularly diatoms, as being more nutritious. Detritus is apparently the most abundant material available to these tanaidaceans. Its dominance as food may result from their being non-selective feeders or, perhaps, because of its apparent ease of ingestion. Kudinova-Pasternak (1991) noted that bacteria often accompany detritus. Thistle and Carman (1985) and Thistle and Reidenauer (1985) noticed a close relationship between a sudden increase in the number of bacteria in suspension and in the number of detritivores, including tanaidaceans. These tanaidaceans may thus ultimately be bacteriovores.
Psammokalliapseudes granulosus possesses complex comb setae on the movable endite of the maxillae used for scraping. Fryer (1965) mentioned that this device is a general one in aquatic arthropods that scrape food particles from a substrate. The first comb setae in the functional series is usually the coarsest, followed by longer sweeping setae. This has evolved independently several times: on the second trunk limb of Eurycercus and other anomopodan Cladocera (Fryer, 1963) ; the cheliped of the decapod prawn, Caridina (Fryer, 1960) ; the scraping antenna of commensal entocytherid ostracodes (Fryer, unpublished observations; in Fryer, 1965) ; the maxillae and maxillules of the thermosbaenacean, Monodella (Fryer, 1965) ; and the maxillae of the mayfly larva, Ameletus (Arens, 1989) . The setae of the movable endite of K. macsweenyi are relatively unmodified in comparison with those of P. granulosus (see Drumm, 2004) , and probably function to push detrital particles toward the mandibles as the maxillae move forward and inward.
The mandibles of both species are well suited for detrital feeding. Kudinova-Pasternak (1991) stated that detritivores tend to have wide incisor processes and massive molar processes with wide grinding surfaces. The mandibles of K. macsweenyi, however, are more heavily sclerotized with better-developed molar processes than P. granulosus. This may be due to their possible use in cracking diatom shells.
Kalliapseudes macsweenyi rejected the clumps of detrital material that were offered to them. These observations, and those on the feeding mechanism, suggest that in nature food consists essentially of fine particles. Strong tidal currents suspend and disperse detritus throughout the creek, making it available to filter feeders such as K. macsweenyi. Unidentified amphipods (probably the corophiids Grandidierella bonnieroides or Cerapus sp.) and spionid polychaetes were also seen feeding on suspended particles. Mites, harpacticoid copepods, and ostracodes were often seen inhabiting the burrows. They sometimes approached the mouthparts of the tanaid but were never observed being ingested. On a few occasions, individual K. macsweenyi were seen grasping detritus or picking at their tube walls with their chelae. This is a possible means of food acquisition during periods of slack or weak flow.
Removing the contents from the foregut of K. macsweenyi often revealed small sand grains. Arens (1989) noted the significance of such grains when they fall between the molar surfaces and are taken into the foreguts of aquatic larval insects feeding on diatoms. Schweder (1985) fed Ecdyonurus larvae with diatoms isolated from algal cultures and found that only five percent of the diatoms were crushed. Arens (1989) attributed this to the unnatural laboratory conditions and recognized that natural algal pastures are always mixed with small grains of sand. When these sand grains get between molar surfaces and in foreguts equipped with a grinding apparatus, they have an effect similar to corundum particles in an abrasive paste. When K. macsweenyi pumps its pleopods to generate a filtration current, sand grains falling from the burrow walls and burrow surroundings will accompany the current-borne particles.
Both species feed on suspended detritus but by different mechanisms. Kalliapseudes macsweenyi possesses ''true'' filter plates on the chelipeds, maxillipeds, and maxillae: plumose setae projecting upwards and inwards so that the tips of opposing sides meet and form an inverted V-shaped filter plate. Kalliapseudes macsweenyi traps suspended detritus on these filter plates, which are scraped off by another limb and carried toward the mouth region.
Psammokalliapseudes granulosus traps suspended detritus on the antennular setae as they are swept through the water. Trapped particles are cleaned when the antennules bend ventrally and are drawn through the chelae, transferring material to the setae located between the fixed finger and the dactylus. The material is then transferred to the maxillipeds and on to the other mouthparts. Kalliapseudes macsweenyi can also feed by this mechanism.
Dennell (1937) gave a detailed account of how the epignath generates the respiratory current in A. talpa. He described and figured the inhalent current as entering the branchial chamber at the posteroventral margin of the carapace, near the exopodites of the third thoracic appendages. The exhalent current exited ventrally between the bases of the maxillipeds and chelipeds, near the exopodites of the chelipeds. This differs from the respiratory current observed in this study. In both K. macsweenyi and P. granulosus, the inhalent current enters the gap between the maxillules and maxillae, and the exhalent current exits between the base of the chelipeds and the base of the first pereopods.
The exopodites on the chelipeds and first pereopods are thought to assist the respiratory current (Dennell, 1937) . The exopodites and epignaths of P. granulosus usually beat at the same time, which makes that a fair assumption. However, these two appendages can also beat independently, so it might be possible that they could produce an anteriorlydirected current of detritus-bearing water, as has been shown in the syncarid Paranaspides lacustris (Cannon and Manton, 1929) . Particles were seen moving anteriorly around the exopodite area in P. granulosus, but their path could not be followed. Kalliapseudes macsweenyi lacks exopodites. Perhaps the setae of the chelipeds and maxillipeds in this species form such an efficient filtering apparatus that no anteriorly-directed current is needed. However, members of the subgenera Monokalliapseudes and Kalliapseudopsis both possess exopodites on at least the first pereopods (also on the chelipeds in Kalliapseudopsis) as well as filter plates as in K. macsweenyi. More species need to be studied in order to clarify this issue.
